Background and Purpose-Microplasmin is a recombinant truncated form of human plasmin. It has demonstrated efficacy in experimental animal models of stroke and tolerability in healthy volunteers. We tested the tolerability of microplasmin in patients with acute ischemic stroke. Methods-In a multicenter, double-blind, randomized, placebo-controlled Phase II trial, 40 patients with ischemic stroke were treated with either placebo or active drug between 3 and 12 hours after symptom onset in a dose-finding design.
T issue plasminogen activator (tPA) is the only pharmacological treatment currently approved for acute ischemic stroke. 1, 2 Only a small percentage of patients with stroke are currently treated with tPA. Given the burden of stroke on society and the lack of treatments for the vast majority of patients, there is an unmet need for pharmacological therapy for acute stroke.
Microplasmin is a truncated form of human plasmin produced by recombinant technology. 3 The observations that ␣ 2 -antiplasmin (␣ 2 -AP) deficiency in mice and ␣ 2 -AP depletion by neutralizing antibodies or after administration of plasmin reduced infarct size led to the development of microplasmin for patients with ischemic stroke. Acute stroke models in mice, rats, and rabbits have generally demonstrated that intravenous microplasmin is associated with a reduction in infarct size compared with placebo and that microplasmin may have a lower propensity to cause bleeding than recombinant tPA. 4 -7 One study in rats did not find a reduction in infarct volumes or behavioral outcomes. 8 Microplasmin has been evaluated in a Phase I clinical trial in healthy young and elderly volunteers. The cumulative doses ranged from 0.1 to 5 mg/kg. A dose response for ␣ 2 -AP neutralization was observed. 9 The goal of this placebo-controlled, randomized trial was to assess the safety and pharmacodynamic properties of intravenous microplasmin in patients with acute ischemic stroke. We also evaluated potential surrogate markers and performed serial MRI to assess reperfusion and recanalization.
Methods
The study was a randomized, double-blind, placebo-controlled, ascending-dose trial. The study protocol was registered at www. clinicaltrials.gov with the following identifier: NCT00123305. The trial was funded by ThromboGenics NV. The final version of the study protocol and all protocol amendments were approved by the Competent Authority and leading Independent Ethics Committee in each country and were additionally reviewed by the respective ethics review committee of each center.
Written informed consent was obtained from each patient or his or her legal representative before entry into the study. In the event that the patient was unable to provide written informed consent, verbal consent from the patient or written assent from a legally acceptable representative was accepted.
An independent Study Safety Committee (see Appendix for members) permitted proceeding to the next dose level after review of safety data.
Study Drug
Human microplasminogen, a derivative of human plasminogen that lacks the 5 kringle domains, was expressed in Pichia Pastoris. The protein is then cleaved and quantitatively converted to microplasmin with recombinant staphylokinase, which is subsequently removed during purification. 3 The drug was maintained at Ϫ20°C in sealed drug packs.
The study drug was microplasmin or placebo administered intravenously as a bolus of 1 mg/kg over 15 minutes followed by a 1-hour continuous infusion of 1 mg/kg (low-dose treatment group), 2 mg/kg (medium-dose treatment group), or 3 mg/kg (high-dose treatment group) or an identically looking placebo solution administered at the same rates as the active treatment group. It was planned to treat a total of 40 eligible patients with study treatment starting with one group of 8 patients treated with the lowest dose regimen and 2 additional groups (each with 16 patients) successively treated with the 2 higher dose regimens. Patients were randomized 3:1 over the entire study population to study treatment with microplasmin or placebo. Randomization was not stratified by any variable. Randomization was done by a computerized scheme accessed through a telephone-operated interactive voice response system.
Study Population
Patients between 18 and 85 years of age with an acute ischemic stroke and a baseline National Institutes of Health Stroke Scale score ranging from 4 to 22 were recruited at 8 sites in Europe (see Appendix). Eligible patients had to be ambulatory before the stroke and have a perfusion defect of at least 2 cm in diameter as assessed by MRI perfusion imaging (PI). The baseline PI had to be assessed by relative mean transit time images on-site. Diffusion lesions did not have to be smaller than the perfusion defect. A proven arterial occlusion on MR angiography (MRA) was not an inclusion requirement. The study drug had to be administered within 1 hour after the completion of MRI and within 12 hours after stroke onset. Patients who were eligible for tPA were excluded. We also excluded patients who received vitamin K antagonists or heparin (or heparin-related compounds), which resulted in an international normalized ratio of Ͼ1.4 or an activated partial thromboplastin time of Ͼ2 times higher than the upper limit of normal of the laboratory-specific normal range. The administration of the following treatments was prohibited: intra-arterial or systemic thrombolytic therapy in the 7 days before enrolment in the study; low-molecular-weight heparin, direct thrombin inhibitors or GPIIb/IIIa antagonists in the 48 hours before randomization; tPA or other thrombolytic agents, aspirin, or other antiplatelet agents (eg, thienopyridines or GPIIb/IIIa antagonists); or heparin or heparin-related products or direct thrombin inhibitors until 24 hours after the administration of the study drug. The treatment with other concomitant medications was at the discretion of the treating physician.
Exclusion criteria for the trial were similar to other acute stroke treatment trials of thrombolytic agents. Patients with spaceoccupying edema or large hypodensities on CT or diffusionweighted imaging lesions involving more than one third of the middle cerebral artery territory, patients with hemorrhagic transformation on CT or on gradient recalled echo MRI, and patients with an ischemic lesion consistent with lacunar stroke were excluded.
Study Procedures
Baseline evaluation included a clinical assessment, electrocardiogram, MRI of the brain, and laboratory tests. Repeat MRI scans were obtained 4 to 12 hours after the end of study drug administration and at Day 7. If neurological deterioration occurred during the hospital stay, an additional CT and/or MRI scan was obtained to document brain hemorrhage. Neurological deficits were evaluated with the National Institutes of Health Stroke Scale (NIHSS) score at baseline, at 6 Ϯ 2 hours, at 24 hours, at 7 days, and at 30 days after study drug administration. The Barthel Index and the modified Rankin Scale score were obtained at baseline (prestroke estimate), 7 days, and 30 days. The follow-up examinations were performed by trained investigators who remained blinded to treatment assignment. Blood samples were drawn at baseline, at the end of treatment, and at 1, 6, 12, 24, 72, and 96 hours after the end of study drug administration.
Magnetic Resonance Imaging
MRI scans were obtained on 1.5-T scanners equipped with highperformance gradient systems and capable of echoplanar imaging. MRI sequence parameters were standardized across the centers. The baseline MRI and first follow-up MRI scans included the following sequences: diffusion-weighted imaging (DWI), dynamic susceptibility PI using a 2-dimensional gradient echo sequence after a bolus of intravenous gadolinium, fluid-attenuated inversion recovery imaging, 3-dimensional time-of-flight MRA, conventional T1, and gradient-recalled echo imaging. MRI scans at Day 7 included a fluid-attenuated inversion recovery sequence. Brain imaging studies were sent to a central MRI core laboratory, and the studies were interpreted and volumetrics performed by an independent neuroradiologist who was blinded to clinical status and treatment assignment. The neuroradiologist rated all MRA scans on a 3-point scale in which a score of 0 means complete occlusion, 1 partial occlusion, and 2 no vessel occlusion. A PI/DWI mismatch was defined as a PI volume Ͼ120% of the DWI volume and a DWI volume of at least 10 mL smaller than the PI volume and a baseline DWI not exceeding 100 mL. 10 Mean transit time maps were created based on the first moment method. An arterial input function was not required. The volume of mean transit time delays was visually compared by the investigators with the unaffected hemisphere to determine eligibility for study participation.
Outcome Measurements
Safety and efficacy variables were obtained at baseline, at the end of administration of study treatment, during the following inhospital phase up to a maximum of 7 days, and at the follow-up visit approximately 30 days after the administration of the study treatment.
Safety End Points
The reporting of serious adverse events followed regulatory requirements. Deaths, including presumed cause, were recorded. Intracranial hemorrhages were considered symptomatic when a patient who deteriorated at least 2 points on the NIHSS within 36 hours had evidence of brain hemorrhage on imaging. Asymptomatic hemorrhages or hemorrhagic transformations of infarcts excluding microbleeds were recorded on gradient echo MRI scans on Day 7. Major systemic hemorrhages were defined as any bleeding resulting in death, any retroperitoneal hemorrhage, overt bleeding associated with a need for transfusion of Ն2 units of blood or which required surgical intervention, and overt bleeding associated with a decrease from baseline in hemoglobin of at least 2.0 g/dL. Progressing stroke, defined as a Ն4-point increase in NIHSS score, was a predefined serious adverse event. Vital sign alterations during treatment were recorded as were allergic reactions. 
Clinical End Points
The following clinical outcome parameters were studied. The percentages of patients who had achieved an NIHSS of Յ1 or who had shown an improvement from baseline of at least 8 points at 30 days were compared between treatment groups. The percentages of patients who had achieved a total NIHSS score of Յ2 were compared. We analyzed the change in NIHSS score between baseline and 30 days and compared the modified Rankin Scale and the Barthel Index score after 30 days. Deaths were imputed as worst possible score.
Imaging End Points
The rate of reperfusion was assessed by MRI. Reperfusion was defined as either the reduction of PI abnormality by Ͼ30% (or absence of perfusion deficits for patients with baseline PI Ͻ10 mL), (5) 12 (4) 10 (4) 12 (5) 11 (5) Median (minimum-maximum) 
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improvement on the MRA scale by 2 points, or both of the aforementioned on a follow-up scan performed between 4 and 12 hours after the start of study treatment. The reperfusion rate was additionally calculated for those patients who had an improvement on the MRA scale score by at least 1 point.
Neutralization ␣ 2 -AP and Biomarker End Points
The degree of ␣ 2 -AP neutralization (Instrumentation Laboratories) was determined at the end of study drug administration and 6, 12, 24, and 4 days. Surrogate biomarkers were assessed serially. Matrix metalloproteinase (MMP)-2, MMP-9, and tissue inhibitor of metalloproteinase 1 (enzyme-linked immunosorbent assay kit; R & D Systems) were measured at baseline, 24 hours, and 4 days after study drug administration. The surrogate markers neuron-specific enolase (enzyme-linked immunosorbent assay kit; IDS), and S100 (enzymelinked immunosorbent assay kit; Cambridge Life Sciences) were measured at baseline, 12 hours, 24 hours, 3 days, and 4 days.
Statistical Analysis
Because this was an exploratory trial, no formal sample size was calculated. Intention-to-treat analysis was used. An independent statistician performed statistical analysis according to a statistical analysis plan that was finalized before breaking of the randomization code. For the analysis of fibrinogen and the degree of inhibition of ␣ 2 -AP, analysis of variance was performed at every time point and post hoc tests were performed with correction for multiple comparisons using Dunnett's procedure, which compares every dose level with placebo. For analysis of MMP, tissue inhibitor of metalloproteinase 1, S100, and neuron-specific enolase data, analysis of covariance was performed with baseline value as a covariate and post hoc tests among different dose levels performed with corrections for multiple comparisons using Dunnett's procedure. A 2 test for trend across dose tiers was used for the imaging end points as a post hoc analysis. A probability value of Ͻ0.05 was considered significant.
Role of the Funding Source
The sponsor was involved in the design of the study, the collection, analysis, and interpretation of the data and in writing the study report. The corresponding author had access to all data in the study and had final responsibility for the decision to submit for publication.
Results
The study flow is detailed in Figure 1 . Forty patients were enrolled and randomized in 8 European centers between October 18, 2005, and May 5, 2008. All patients received the study drug according to the defined protocol. The baseline characteristics of the enrolled patients are described in Table  1 . Microplasmin-treated patients had slightly more severe neurological impairment and were treated slightly earlier than the placebo-treated group. The baseline DWI lesion was significantly larger in the medium-dose group than the placebo and high-dose groups (Pϭ0.02). The lesion sizes of the low-dose, high-dose, and placebo groups were similar. In one patient in the microplasmin group, the PI imaging at baseline was not interpretable. There were 27 patients with a PI/DWI mismatch at baseline (62% of included patients). There were slightly more patients with a PI/DWI mismatch and with an MRA occlusion in the placebo group (Table 1) .
Safety End Points
Safety results up to day 30 are shown in Table 2 . One patient developed a symptomatic intracranial hemorrhage shortly after study drug administration and subsequently died. The family withdrew consent and no additional invasive assessments (laboratory, MRI) were performed after symptomatic intracranial hemorrhage diagnosis. One patient died 2 months after study drug administration due to pneumonia. The frequency of serious adverse events was similar for patients treated with microplasmin combined across all groups (nϭ7 [23%]) and in the placebo group (nϭ3 [30%]).
There was no evidence of any impairment of hematology and clinical chemistry variables by microplasmin. Vital signs, respiratory rate, body temperature, and electrocardiographic findings were similar in microplasmin and placebo patients. There were no reported allergic reactions. Figure 3 shows the plasma fibrinogen concentrations over the first 24 hours. Differences between treatment groups were significant at all time points except at baseline and at 96 hours (PϽ0.003). Post hoc analysis revealed that significant decreases occurred in the medium-dose group at Hours 6 and 12 after the end of infusion and in the highest dose group from the end of infusion until Hour 24. There were transient concomitant increases in D-dimer concentrations, prothrombin time, and activated partial thromboplastin time in the treatment groups compared with the placebo group (data not shown).
Efficacy End Points
Clinical End Points Table 3 shows the clinical outcomes at Day 30. There were no significant changes in any outcome parameter based on neurological impairment, disability, and handicap scales. Table 4 shows the imaging end points. There was no significant difference in recanalization/reperfusion rates. There was also no effect on lesion growth.
Imaging Outcomes

Biomarker Outcomes
There were no clear differences in neuron-specific enolase expression levels between the treatment and placebo groups over time. The protein S100 levels evolved differently over time compared with placebo (Pϭ0.001). Protein S100 levels were significantly increased in the medium-dose group, but not in the lower or the higher dose groups compared with placebo.
Microplasmin had a significant effect on MMP-2, but not on MMP-9 or tissue inhibitor of metalloproteinase 1, as shown in Table 5 . Analysis of covariance showed that 
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MMP-2 serum concentrations were lower or remained constant in the microplasmin group, whereas there was an increase in the placebo group (Pϭ0.001). Pairwise comparisons showed that the medium-and high-dose microplasmin had significantly lower values compared with placebo after correction for multiple comparisons. Figure 2 shows the evolution of ␣ 2 -AP levels over time. ␣ 2 -AP was inhibited in the microplasmin dose groups at 0, 6, and 24 hours postdosing and at 96 hours in the highest dose group compared with placebo (PϽ0,05). The ␣ 2 -AP inhibition was approximately 62% in the microplasmin 1ϩ1 mg/kg treatment group and approximately 80% in the microplasmin 1ϩ2 mg/kg and 1ϩ3 mg/kg treatment groups at the end of study treatment.
Interaction of Microplasmin with ␣ 2 -AP
Discussion
Microplasmin was well tolerated with only one treated patient who developed a fatal symptomatic intracranial hemorrhage. No dose effect was seen on the rate of asymptomatic intracerebral hemorrhage, and there were no major systemic bleedings. We observed potentially relevant biological effects of administration of microplasmin in patients with acute ischemic stroke 3 to 12 hours after the onset of symptoms.
Intravenous administration of microplasmin does not result in a direct thrombolytic effect on clots given the rapid inactivation of microplasmin by circulating inhibitors. Transient depletion of ␣ 2 -AP activity may, however, lead to increased endogenous fibrinolytic activity, which may protect the vascular integrity of the microcirculation in the penumbral area. Experimental depletion of ␣ 2 -AP by plasmin or immunoneutralization reduced infarct volumes in permanent occlusion models, suggesting that an additional neuroprotective mechanism may also be present. 4 The strong reduction in ␣ 2 -AP levels observed in the higher doses tested in this study resulted in a systemic effect of microplasmin as demonstrated by the reduced fibrinogen levels, reflecting the nonfibrin-specific lytic activity of microplasmin due to the lack of kringle domains. This may have positive effects on viscosity and enhance microperfusion. Stronger defibrinogenating drugs like ancrod have, however, had mixed results in the treatment of acute ischemic stroke. 11, 12 Finally, we observed less expression of MMP-2 compared with placebo. Increased levels of MMPs have been linked to intracerebral hemorrhages associated with tPA use. 13, 14 One potential advantage of microplasmin from preclinical work is the lower risk of intracerebral hemorrhage, which is one of the reasons why tPA is given infrequently. 3 The rate of reperfusion in microplasmin-treated patients was not significantly different from placebo. It is difficult to compare the recanalization rates in this study with the rates reported for tPA because recanalization rates with tPA have not been tested in this late time window. 15 As expected from a trial with a small sample size, no effect on clinical outcome was observed.
In view of the preclinical data, the safety profile, and encouraging imaging findings, we think further clinical studies are warranted to determine whether microplasmin is an effective therapeutic agent for acute ischemic stroke. 
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